The structures of free-standing zirconium nanowires with 0.6−2.8 nm in diameter are systematically studied by using genetic algorithm simulations with a tight-binding many body potential. Several multi-shell growth sequences with cylindrical structures are obtained. These multi-shell structures are composed of coaxial atomic shells with the three-and four-strands helical, centered pentagonal and hexagonal, and parallel double-chain-core curved surface epitaxy. Under the same growth sequence, the numbers of atomic strands in inner-and outer-shell show even-odd coupling and usually differ by five. The size and structure dependence of angular correlation functions and vibrational properties of zirconium nanowire are also discussed. 61.46.+w, 68.65.+g, 73.61.-r Typeset using REVT E X
In the past decade, there has been tremendous interests on ultrathin metal nanowires from both fundamental low-dimensional physics and technological applications such as nanoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Most of the previous studies are based on the tip-surface contact [1] [2] [3] [4] [5] or mechanically controllable break junctions 6, 7 , which can be seen as very short metal nanowire.
In recent experiments, Takayanagi's group has successfully fabricated stable gold wires with various diameter of sufficient length suspended between two stands [8] [9] [10] , and the helical multishell structures are observed in those ultrathin wires 10 . On the theoretical side, the noncrystalline structures, melting behavior, and electronic properties of ultrathin free standing Pb, Al, Ag nanowires have been investigated by Tosatti and co-workers [11] [12] [13] [14] . By using molecular dynamics-based (MD) genetic algorithm (GA) simulations, our group has studied structural, vibrational, electronic, magnetic properties of gold, titanium, and rhodium nanowires [15] [16] [17] .
However, the current knowledge on the detailed structural characters and growth sequences of the metal nanowires is still quite limited. In this paper, we report systematical multi-shell structural growth sequence of zirconium nanowires and their vibrational properties.
In our simulations, the zirconium nanowires with diameters from 0.6 to 2.8 nm are modeled by a supercell with one-dimensional (1D) periodical boundary condition along the wire axis direction. For the most zirconium nanowires studied, the length of 1-D supercell is chosen to be 1.413 nm, which is a reasonable compromise between discovering the helicity in 1D direction and avoiding the nanowires breaking into clusters upon relaxation. To match the periodicity of the multi-shell structures with pentagonal symmetry, several different supercell lengths, i.e., 1.177 nm for S5-1, S5-2 wires (see Fig.1 ), 1.648 nm for S5-3, S5-4 wires, have been used. The "effective diameter", which can be controlled by adjusting the number of atoms in the supercell, is used to denote the cross section area of the nanowires 12,15-17 .
To search the most stable structure of nanowire, we adopt the genetic algorithm (GA) based on MD relaxation [15] [16] [17] . The vibrational densities of states can be then calculated by diagonalizing the dynamical matrix for the optimized configurations.
The interaction between zirconium atoms is described by a tight binding (TB) many body potential 18 , which has successfully reproduced the high-temperature hcp-bcc transition in With the notation of n-n1-n2-n3-n4, we can describe the closed-shell magic nanowires consisting of coaxial shells, each of which is composed of n, n1, n2, n3, and n4 helical atomic strands from outer to inner (n > n1 > n2 > n3 > n4) 10, 15, 16 . As shown in Fig.1 , wires S3-1(3), S3-2(8-3), S3-3(13-8-3), and S3-4(18-13-8-3) constitute the sequence of trigonal multi-shell packing. The structure of the thinnest wire S3-1 (diameter D=0.574 nm) is formed by three-strands packing helically (see Fig.1 ). Similarly, wires S4-1(4), S4-2(9-4), S4-3(14-9-4), and S4-4(19-14-9-4) constitute growth patterns with one-, two-, three-, and four-shell tetragonal packing. This sequence starts from the single-shell wire S4-1 with fourstrands helical packing. In both the trigonal and tetragonal multi-shell growth sequence, the outer and inner shells differ by five helical atomic strands.
In contrast to the helical structures found in S3-x, S4-x wires, the wires S5-1(5-1), S5- These behaviors are similar to those obtained from previous experiment on suspended gold nanowires 10 . In the experiment, the number n, n ′ of atomic strands in inner and outer shells also exhibit even-odd coupling with n − n ′ = 7, which can be related to the string tension. Based on the optimized structures of zirconium nanowires, we now their vibrational
properties. The vibrational densities of states of zirconium nanowires in Fig.3 exhibit remarkable dependence on the wire diameter and the corresponding growth classes. Except wires S3-1 and S4-1, the position and shape of the major vibrational peak located around 2.1 − 2.7 THz do not sensitively change with the size and growth sequence of wires. This behavior is similar to that found for gold nanowires in our previous work 15 . The first major peak around 2.1 − 2.7 THz can be related to the normal vibrational model of hcp bulk zirconium 21 . In an earlier study 21 , the frequency distribution of the bulk zirconium evaluated at room temperature range between 1.2 − 6.1 THz. The first bulk frequency peak were found at 2.1−2.3 THz, which is comparable to the major peak (2.1 − 2.7 THz) in zirconium nanowires. Different from the first major peak, although the positions of second peak (∼ 5 THz) found for the nanowires do not substantially change, its shape and height sensitively vary with the size and growth sequence. Such differences might be understood by the different vibrational couplings between the atomic shells for the nanowires with various sizes and growth classes. In another words, the vibrational modes of zirconium nanowires sensitively depend on the specific growth patterns of the constituent atomic strands and diameters of nanowires. The vibrational bands of the thinner wires (S3-1, S4-1) are rather discrete and molecule-like. Some high frequency modes around 7.5T Hz are found in S2-x, S3-x and S4-x sequences. These high frequency vibration modes can be attributed to the contraction of interatomic distance in those wires, which will be further illustrated in the following discussion on zirconium clusters. From the above discussions, we can make the following conclusions. Multi-shell cylindrical structural growth sequences are found for the zirconium nanowires up to about 3 nm.
The number of atomic strands in outer and inner shells exhibit even-odd and the differences between them is usually five for most growth sequence of zirconium nanowires. The angular correlation functions and vibrational properties are related to the wire diameter and growth pattern. The helical multi-shell metal nanowires represent a novel structural form of matter.
They are similar but not identical to clusters, which is yet to be fully understood 14, 22 . In principle, the mechanical, thermal, electronic, magnetic, and transport properties of such nanowires may sensitively depend on their atomic structures and helicity. The future studies in these directions are under way. We expect future experiments on transition metal nanowires to validate our arguments. 
